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Text S1. Chemicals and Materials
Phenol, anhydrous ethanol, ammonium chloride, glucose, potassium sodium tartrate, mercuric sulfate, potassium dichromate, and potassium hydrogen phthalate (all AR grade) were purchased from Xilong Scientific Co., Ltd. (China). Silver sulfate was obtained from Sinopharm Chemical Reagent Co., Ltd., while Nessler's reagent for water quality analysis was supplied by Tianjin Opusen Chemical Co., Ltd. Concentrated sulfuric acid (AR, 98%) was sourced from Beijing Tongguang Fine Chemicals Co., Ltd. Methanol, acetonitrile, and formic acid (HPLC grade) were procured from Aladdin Chemistry Co., Ltd. (Shanghai, China). Lowry Protein Assay Kit (PC0030) and Tris-HCl Buffer (1M, pH 8.5, sterile) was purchased from Solarbio Science & Technology Co., Ltd (Beijing, China). Iodonitrotetrazolium violet-formazan (INT formazan, CAS: 7781-49-9), iodonitrotetrazolium chloride (INT, CAS: 146-68-9), diquat dibromide monohydrate (DQ, CAS: 6385-62-2, AR), 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, CAS: 30931-67-0, 98%), n-butanoyl-homoserine lactone (C4-HSL, CAS: 67605-85-0, 98%), n-Hexanoyl-L-homoserine lactone (C6-HSL, CAS: 147852-83-3, 98%), n-Octanoyl-L-homoserine lactone (C8-HSL, CAS: 147852-84-4, 98%) and n-decanoyl-L-Homoserine lactone (C10-HSL, CAS: 177315-87-6, 96%) were procured from Aladdin Chemistry Co., Ltd (Shanghai, China). Coenzyme 420 (F420) and Cytochrome c (CytcC) were purchased from Enzyme-linked Biotechnology Co., Ltd (Shanghai, China). Deionized water was utilized for solution preparation. 

Text S2. Tests relating to individual processes in anaerobic digestion
The hydrolysis rate was evaluated using model substrates as described in published references (Wei et al., 2019). The primary dissolved products from sludge were soluble proteins and polysaccharides. Bovine serum albumin (BSA, average molecular weight MW 66430) and dextran (MW 10000) were used as the model protein and polysaccharide compounds, respectively. Five reactors received 30 mL of artificial wastewater and 20 mL of anaerobic sludge as inoculum. To inhibit methanogens activity, 1 mL of 10mM sodium 2-bromoethanesulfonate (BESA) was added. The feed substrates consisted of artificial wastewater containing 2.0 g/L of BSA, and 2.0 g/L of dextran, with a COD of approximately 4.0 g/L. The tests were conducted for a duration of 5 d.
The acidification test followed the same procedure as the hydrolysis test, except the substrates in the synthetic wastewater (i.e., BSA and dextran) were replaced by 2.0 g/L of L-glutamate (MW 147.3) and 2.0 g/L of glucose (MW 198.7), respectively. The test was conducted over a 5-d period.
[bookmark: _Hlk183549329]The methanogenesis test was performed as described in the hydrolysis test, except the substrates (i.e., BSA and dextran) in synthetic wastewater were replaced by 3.0 g/L sodium acetate (MW 82.03), and no BESA was added. These tests were also conducted for a duration of 5 d.

Text S3. Chemical and Microbial Analysis
Before measuring the various parameters, the mixed liquor slurry samples (WAS in AD process) were centrifuged at 10,000 rpm for 10 min, then filtrated by a 0.45-μm filters membrane. The solution pH and conductivity were measured using a pH meter (Mettler Toledo CO., Ltd., Switzerland) and a conductivity meter (Shanghai Leimagnetic Co., Ltd., China). Water quality parameters such as total solids (TS), volatile solids (VS), pH, conductivity, SCOD, and ammonia nitrogen (NH3-N) were determined according to the standard methods (Zhao et al., 2017). Polysaccharides (PS) and proteins (PN) were determined by the phenol-sulfuric acid method using glucose as a standard solution and the Lowry's method using BSA as a standard solution, respectively (Liu et al., 2024). The composition of biogas (CH4 and CO2) was determined using a gas chromatograph (Agilent GC 7890A, USA). The supernatant was acidified with formic acid (98% purity) to a pH below 2 and filtered by 0.22-μm acetate cellulose membranes. The volatile fatty acids (VFAs) were measured with a gas chromatograph (Agilent GC 7890A, USA) equipped with a flame ionization detector (FID) and a HP-INNOWAX column (Jiang et al., 2022). The heating method was used to extract fractions of extracellular polymeric substances (EPS) including soluble EPS (soluble microbial products, SMP), loose-bound EPS (LB-EPS), and tight-bound EPS (TB-EPS), according to the method reported previously (Zhang et al., 2021). Three-dimensional excitation emission matrix (3-DEEM) spectra of EPS were acquired using a fluorescence spectrophotometer (F-4600, Hitachi, Japan). The excitation (Ex) and emission (Em) wavelengths were 200–400 nm and 200–500 nm, respectively, with 5-nm increments and a scanning rate of 12000 nm/min (Liu et al., 2023). 
Eighty milliliters of membrane permeate were collected for acyl-homoserine lactones (AHLs, C4-HSL, C6-HSL, C8-HSL and C10-HSL) analysis. To prevent the degradation of AHLs during the procedure, the pH of the sample was adjusted to 7 using 1 M hydrochloric acid. The samples were prepared for analysis using C18 SCX solid-phase extraction (SPE) columns (500 mg, 6 mL, Green Mall), following activation, loading, washing, elution, and nitrogen blowdown. Quantification of AHLs was then performed using liquid chromatography-tandem mass spectrometry (Ab Sciex Triple Quad™ 4500 LC-MS/MS) (Huang et al., 2020).
The sludge samples from batch and AnMBR reactors were collected to analyze the microbial community via high throughput 16S rRNA pyrosequencing. The detailed methods of DNA extraction, polymerase chain reaction, and sequencing were mainly based on those reported in previous studies (Liu et al., 2024).

Text S4. Electrochemical Analysis
To characterize the redox reactions during the anaerobic processes, cyclic voltammetry (CV) experiments were conducted using an electrochemical workstation (Chenhua CH760E, China) with a single-chamber three-electrode electrochemical cell. The cell was equipped with a 75-mm length and 6-mm diameter graphite electrode (the working electrode), a platinum electrode (the counter electrode), and an Ag/AgCl electrode (a reference electrode). For the CV tests, 45 mL quantities of sludge taken from reactors after effluent discharge were placed into the electrochemical cell. The headspace of the cell was purged with N2 for 10 min. The working electrode potential was scanned from -0.6V to 1 V at a scan rate of 50 mV s-1. 
The electron-accepting and electron-donating capacities (EAC and EDC, respectively) of the BC and Fe2O3-BC materials were evaluated using chronoamperometry measurements. The EAC, EDC, and electron transport capacity (ETC) were calculated using the following formulas (Liu et al., 2022):
EAC = ∫Ired dt/F                                           (1)
EDC = ∫Iox dt/F                                            (2)
ETC = EAC + EDC                                         (3)
where Ired and Iox are the reductive and oxidative currents in the sludge sample (A), respectively, F = 96485.33 (C/mol e-), and t is time (s).）
The conductivity of sludge was determined according to the method of Sun et al.(Sun et al., 2022). The suspended sludge samples were collected from two reactors, centrifuged at 10000 rpm for 5 min, and washed with 0.1mol/L NaCl three times. The three-probe electrical conductance measurement was conducted with two platinum electrodes separated by a 1.0-mm non-conductive gap, and the sludge samples were placed across the non-conductive gap between the two platinum electrodes. An electrochemical workstation was used to apply a voltage ramp of -0.3V to 0.3 V with a step size of 0.025 V. The time-averaged current for each applied voltage was recorded, and the conductivity of the sludge was calculated using the following equation:
σ= L/RS                                                      (4)
where σ is the conductivity of sludge (S/m), L is the width of the gap (1 × 10-3 m), R is the reciprocal of the slope in the current-voltage curve (Ω), and S is the cross-sectional area (1.0 × 10-6 m2).
[bookmark: _Hlk182829137]The 2-(p-iodophenyl)-3(p-nitrophenyl)-5-phenyltetrazolium chloride-electron transport system (INT-ETS) method was used to measure the activity of the electron transport system (ETS) in microorganisms (Liu et al., 2022). The equation was slightly modified by changing the weight of sludge to the volume of mixed liquor:
[bookmark: OLE_LINK3]U=D485Ve/KVt                                                (5)
where U is the ETS activity (μg/mL·min), D485 is the absorbance at 485 nm (cm-1), Ve is the volume of extractant (mL), K is the slope of the standard curve, V is the volume of mixed liquor (mL), and t is the incubation time (min).

Text S5. Membrane Fouling Characterization
[bookmark: OLE_LINK37][bookmark: _Hlk191586802]The fouled membrane module was removed at the end of the operation, and a filtration test was conducted to identify the membrane resistance distribution (Zhen et al., 2023). TMP values were recorded throughout the operation, and they were used for calculating filtration resistance. Equation (6) was used to analyze the membrane filtration resistance according to Darcy law. Equation (7) provides the calculation for cake layer and gel layer resistance:
R=TMP/(μ×J)                                                                                           (6)
Rt=Rm+Rg+Rc                                                                                         (7)
where TMP is the trans-membrane pressure (Pa),μ is the viscosity of the permeate (8.9*10-4 Pa·s), J is the permeate flux (m3·m2·s-1), Rt is the total membrane filtration resistance (m-1), Rm is the intrinsic membrane filtration resistance (m−1), Rg is the gel layer fouling resistance (m−1), and Rc is the cake layer fouling resistance (m−1).
[bookmark: OLE_LINK38]The specific experimental procedure is as follows: The Rm, Rt, and resistance after physical cleaning (Rf) of the membrane were determined by measuring the water flux and TMP over 10 min for the original membrane, fouled membrane, and physically cleaned membrane, using the formula (6). The Rc is caused by the accumulation of particles and microbial aggregates on the membrane surface, forming a porous cake layer. After physical cleaning, it is assumed that Rc is completely removed, and the filtration resistance measured at this point is given by Rf = Rm + Rg. The Rc can be calculated from the total filtration resistance of the Rt as Rc = Rt - Rf. Furthermore, the Rg can be calculated as Rg = Rf - Rm.

Text S6. Schematic diagram of experimental setup
Detailed experimental methods of batch AD and continuous AnMBR are described in the manuscript, and the schematic diagram was shown in Fig. S1.
[image: ]
[bookmark: _Hlk185780805]Fig. S1. Schematic diagram of experimental setup. Batch anaerobic sludge digestion with BC and Fe2O3-BC materials (a); Continuous AnMBR with Fe3BC25 composite material (b). 

Text S7 Text S7 Impact of biochar addition levels on methane production
To determine the optimal dosage of Fe2O3-BC, we evaluated the impact of different biochar concentrations (0 g/L, 5 g/L, 10 g/L, and 15 g/L) on methane production efficiency. The results revealed that a biochar dosage of 5 g/L achieved the optimal balance, significantly enhancing anaerobic digestion performance while avoiding the inhibitory effects observed at higher concentrations. These findings suggest that moderate biochar additions can effectively improve microbial activity and electron transfer efficiency without inducing substrate overloading or toxicity. Based on these results, 5 g/L of Fe2O3-BC was selected as the optimal dosage for this study.


Fig. S2. Variation in methane production under different biochar dosages.

[bookmark: OLE_LINK54][bookmark: OLE_LINK49]Text S8 Comparison of varying-valence state Fe NPs on sludge AD process
In this study, anaerobic granular sludge (AGS), employed as the inoculum, was purchased from Shandong Liboyuan Environmental Protection Material Co., Ltd, with the particle size ranging approximately 3~5 mm. In anaerobic sludge digestion experiment, pretreated sludge (200 mL) and anaerobic granular sludge (4.2 g) were used as substrate sludge and seed sludge, respectively. Other experimental procedures were consistent with those described in Section 2.3 of the manuscript. 
[bookmark: OLE_LINK44]As depicted in Fig. S3a, the incorporation of Fe NPs into single sludge substrate digesters markedly enhanced the cumulative methane yield (CMY), especially at a concentration of 200 mg/L compared to the control. Notably, the CMY exhibited a progressive increase with the rising valence state of Fe NPs. By day 31, the CMY values for the control, Fe0 NPs, Fe3O4 NPs, and Fe2O3 NPs were 242.02, 364.21, 800.52, and 937.44 mL/g COD, respectively, representing up to a 3.87-fold increase over the control. Fe NPs also shortened the lag phase and time to peak CMY. In Fig. S3b, Fe3O4 NPs, and Fe2O3 NPs groups exhibited a peak in daily methane yield on day 12 of AD, whereas no significant peak was observed in the other groups. The addition of Fe3O4 NPs, and Fe2O3 NPs boosted daily methane yield, with Fe2O3 NPs demonstrating superior efficacy compared to Fe3O4 NPs. In Fig. S3c, the control group initially exhibited higher CO2 production than the Fe2O3 NPs group for the first 5 d. However, cumulative CO2 production steadily increased in Fe2O3 NPs group to 151.26 mL, 1.36 times higher than the control, suggesting Fe2O3 NPs addition both promoted organic matter degradation and provided richer substrates for methane production. Conversely, the cumulative CO2 production in the Fe3O4 NPs group initially remained lower but progressively rose to 131.54 mL on day 31, and 1.18 times higher than the control, likely due to more effective CO2 and H2 utilization by methanogens. However, the Fe0 NPs group had lower CO2 production than the control group due to Fe0 NPs adsorption on sludge surfaces hidering organic matter decomposition and exerting an inhibitory effect on methanogenic bacteria.
[bookmark: OLE_LINK47][bookmark: _Hlk190274020]In the early digestion stage, hydrolysis outpaced methanogenesis, resulting in SCOD accumulation (Fig. S3d). Fe NPs addition promoted sludge hydrolysis, increasing SCOD concentrations to around 4000 mg/L on day 2 compared to the control group’s 3700 mg/L. Throughout the entirety of the fermentation cycle, the production of SCOD with Fe2O3 NPs was estimated to be approximately 1.1-1.5 times higher compared to that observed in the absence of Fe NPs. As the digestion progressed, SCOD concentrations rapidly decreased in all groups, stability after approximately 20 d due to the consumption of organic matter by methanogens. The polysaccharide and protein concentrations in Fe2O3 NPs groups were higher than other three groups (Fig. S3e and S3f). However, the polysaccharide concentration was slightly higher concentrations of about 10% in the Fe2O3 NPs and Fe3O4 NPs groups. Improvement of protein secretion in the Fe2O3 NPs group (10-73%) and Fe3O4 NPs group (10-64%) indicated a stronger stimulatory effect on protein hydrolysis by oxidized state Fe NPs materials addition. This suggests that Fe oxides can promote the excretion of proteins from sludge.
Therefore, Fe2O3 NPs exhibited superior performance in AD compared to Fe3O4 NPs, primarily manifested in higher methane production, enhanced organic matter degradation, more pronounced sludge hydrolysis, and a stronger stimulatory effect on methanogens. These advantages make Fe2O3 NPs a more favorable choice for improving the efficiency of AD process.

[image: 图片包含 示意图
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Fig. S3. Variation of (a) cumulative CH4 yield and (b) daily CH4 yield, (c) cumulative CO2 yield on methanogenesis; the concentration of (d) SCOD, (e) soluble polysaccharide, (f) soluble protein in sludge AD.

[bookmark: _Hlk191673187]Text S9 Morphological Properties of  BC and Fe2O3-BC 
As shown in Fig. S4, the BC and Fe2O3-BC composite materials were analyzed using SEM and EDS to investigate the distribution pattern of Fe2O3 and elemental distribution.

[image: ]
Fig. S4. SEM image and EDS mapping of BC and Fe2O3-BC material (a-d).

[bookmark: _Hlk191477814]Text S10 The particle size distribution of BC and Fe2O3-BC 
[bookmark: _Hlk191673608][bookmark: OLE_LINK45]As shown in Fig. S5, the particle size distribution of BC and Fe2O3-BC composite materials was measured using a laser diffraction particle size analyzer (HORIBA Ltd, Partica LA-960, Japan). The results showed that BC had a particle size range of 10–1500 μm, with a median diameter (D50) of 149.712 μm and a mean diameter of 302.43 μm. The D10 and D90 values were 149.72 μm and 817.80 μm, respectively, indicating that 10% of the particles were smaller than 15.79 μm, and 90% were smaller than 817.80 μm. The Fe2O3-BC composite exhibited a narrower particle size distribution, ranging from approximately 0.5 μm to 100 μm. The median diameters (D50) of Fe1BC25, Fe3BC25, and Fe5BC25 were 32.83 μm, 29.12 μm, and 30.61 μm, respectively, with mean diameters of 39.27 μm, 32.021 μm, and 36.93 μm. The narrow particle size distribution of Fe2O3-BC composites is advantageous for enhancing electron transfer and microbial activity in the anaerobic digestion system. Smaller particles provide a larger surface area for microbial attachment and reactions, while the uniform distribution ensures efficient mixing and stability within the reactor.


[bookmark: _Hlk191410786]Fig. S5. The particle size distribution of BC and Fe2O3-BC.

Text S11 Effect of Fe2O3-BC Materials on Each Step of AD Processes
[bookmark: _Hlk183549259][bookmark: OLE_LINK2]The dynamic changes in intermediate products during anaerobic sludge digestion complicate the evaluation of the impact of Fe2O3-BC on organic matter conversion. To investigate its role in hydrolysis, acidification, and methanogenesis, batch experiments were conducted using various model substrates (bovine serum albumin (BSA), dextran, L-glutamate, glucose, and sodium acetate), as shown in Fig. S6. In the control group with only inoculated sludge and deionized water (Blank1), the SCOD, BSA and dextran levels showed negligible variation during the 1st to the 5th day of digestion. The concentrations of SCOD, BSA, and dextran in all reactors started with comparable. However, the SCOD removal efficiency in the Fe2O3-BC -treated groups significantly exceeded that of Blank2 and the BC-treated group, with Fe3BC25 achieving the highest removal rates of 65.33% (SCOD), 97.68% (dextran), and 95.79% (BSA). Similarly, experiments with L-glutamate and glucose as model substrates demonstrated that Fe2O3-BC effectively facilitated the conversion of monomeric compounds into small organic acids (Fig. S6c and S6d), the degradation of L-glutamate and glucose in Fe2O3-BC reactors were 95% and 98%, respectively. During the methanogenesis phase (Fig. S6e and S6f), Fe3BC25 achieved the highest methane yield (3.54±0.17 mL), which was 1.57 times that of the control (Blank 2). These findings align with the observed degradation patterns of polysaccharides and proteins in anaerobic sludge digestion, showing that Fe2O3-BC enhances the decomposition of macromolecular organic matter by improving redox conditions and facilitating electron transfer. Notably, Fe3BC25 demonstrated the most pronounced catalytic properties and electron transfer efficiency, significantly accelerating organic matter degradation in the anaerobic environment. This highlights the potential of Fe3BC25 to optimize anaerobic digestion processes through its superior catalytic activity.
[image: ]
[bookmark: OLE_LINK1]Fig. S6. Effects of different BC and Fe2O3-BC materials on each step involved in sludge anaerobic digestion. The degradation of hydrolysis products (SCOD, BSA and dextran) during the initial 5 d (a & b); the acidogenesis degradation of products (SCOD, L-glutamate and glucose) during the initial 5 d (c & d); and the methanogenesis degradation of products (SCOD and methane) over 5 d (e &f ). Error bars represent standard deviations.
Text S12 Conventional Performance of AnMBRs
In AnMBR systems, stable operational parameters and favorable environmental conditions are crucial for enhancing organic matter degradation and methane production. In this study, the organic loading rate (OLR) was maintained at 0.4–0.5 gVS·L-1·d-1, with a sludge retention time (SRT) of 40 d and a hydraulic retention time (HRT) of 20 d. The variations in TS, VS, pH, and conductivity during the operational period offered insights into reactor performance and its impact on AD (Fig. S7). As shown in Fig. S7a, sludge concentration increased due to the gradual addition of residual sludge and the proliferation of anaerobic microbes. After 50 d of operation, TS levels in R1 (R1, control) rose from 26 g/L to approximately 35 g/L, with VS increasing from 15 g/L to 20 g/L. In comparison, Reactor 2 (R2, with Fe3BC25) demonstrated a TS increase from 35 g/L to around 40 g/L, and VS rose from 20 g/L to 22 g/L. Despite the upward trends in TS and VS, the slower growth of VS relative to TS reflects the degradation and conversion of organic matter during AD. Consequently, the VS/TS ratio in both reactors declined from 0.58–0.59 to 0.50, indicating progressive sludge stabilization. Regarding pH, both reactors operated within the optimal range for methanogens (6.8–7.6) (Cheng et al., 2020), with R2 exhibiting slightly higher pH values than R1. This difference was attributed to the buffering capacity of inorganic cations present in Fe3BC25, which mitigated VFA accumulation and enhanced the system stability, thereby extending the effective operational time. Conductivity changes further elucidated the functional role of Fe3BC25. Results showed that R2 exhibited higher conductivity in both sludge and effluent compared to R1 (Fig. S7c), indicating that Fe3BC25 effectively improved electron transfer efficiency during prolonged operation, thereby promoting methane production. Overall, the incorporation of Fe3BC25 not only enhanced the operational stability of the AnMBR system but also improved methane yield, demonstrating its potential for optimizing anaerobic digestion processes (Chen et al., 2021).

[image: ]
Fig. S7. Effects of Fe3BC25 additive on TS and VS (left scale) and VS/TS ratio (right scale) (a), pH (b), and Conductivity (c) (R1 – control; R2 – Fe3BC25).

Text S13 Change of TMP and Membrane Flux in AnMBRs
[bookmark: OLE_LINK24]The AnMBR system was operated continuously for 50 d. The transmembrane pressure and flux data are shown in the Fig. S8. After approximately 30 days, the transmembrane pressure increased sharply in both reactors, with Fe3BC25 having a negligible effect on this sudden change. It can also be seen from the variation of membrane flux that the presence of Fe3BC25 provided a certain degree of  membrane fouling protection in the first 30 d of AnMBR operation, corresponding to a difference in flux of about 20–65%. With the increase of time after 30 days, the accumulation of large numbers of sludge floc led to a similar degree of fouling on the membrane surfaces, and a similar rate of decrease of membrane flux by the control and Fe3BC25 reactors. Although the addition of the composite in this study did not significantly alter the membrane flux or TMP (Fig. S8), it affected the composition of the foulants on the membrane surface and the membrane resistance (Fig. 7h - i). This suggested that the composite may have modified the properties of the fouling layer (such as porosity or adhesion strength) rather than reducing the overall foulant load. Such modifications could influence the frequency and methods of membrane cleaning, potentially providing long-term benefits for membrane performance, even if short-term changes in flux and TMP were not observed.


Fig. S8. Variation of TMP and membrane flux in AnMBRs with (R2) and without (R1) Fe3BC25 addition.

Test S14 Performance of Fe3BC25 in AnMBRs 
Methane production and organic matter degradation efficiency are key metrics for evaluating AnMBR performance, and the addition of functional materials can influence gas production and metabolic processes. As shown in Fig. S9, the effects of Fe3BC25 on methane generation, organic matter degradation, and acidogenesis in the AnMBR system highlighted its enhancement mechanisms.
Methane Production Enhancement
The addition of Fe3BC25 boosted both daily and cumulative methane yields. The R2 reactor achieved an average daily methane yield of 10.44 mL/g VS·d, compared to 8.67 mL/g VS·d in R1 control. The cumulative methane production (50 d) in R2 reached 522.27 mL/g VS, 1.2 times higher than in R1 (Fig. S9a & b). Carbon dioxide (CO2) production also increased, with R2 showing an average daily yield of 5.04 mL/g VS·d and a cumulative production of 252.16 mL/g VS, representing 13.5% and 13.3% improvements over R1, respectively (Fig. S9d & e). These findings confirmed that Fe3BC25 not only promoted methane production but also enhanced CO2 release, consistent with the conclusions in Section 3.2 of the manuscript, further demonstrating its role in stimulating microbial metabolic activity during prolonged operation. However, the intermittent substrate feeding in this study may have limited the enhancement effects compared to fully enclosed anaerobic reactors in practice.
Organic Matter Degradation
The changes in SCOD during digestion (Fig. S9c) revealed that SCOD concentrations declined substantially in both reactors over time. R2 consistently exhibited lower SCOD levels than R1 throughout digestion (50 d), decreasing from 2132 mg/L to 450–500 mg/L, while R1 dropped from 2300 mg/L to 500–600 mg/L. R2 achieved a slightly higher SCOD removal rate (82%) compared to R1 (80%), demonstrating the enhanced degradation efficiency attributed to Fe3BC25. During steady operation, the membrane filtrate SCOD concentration of R2 (~200 mg/L) was lower than R1 (~250 mg/L), with higher retention rates (60–65% for R2 vs. 50–60% for R1). This suggested that Fe3BC25-facilitated the retention of more organic substrates for microbial degradation.
Ammonia and VFAs
NH3-N concentrations stabilized after an initial rise due to the degradation of protein and nitrogen-containing organics, remaining at 900–970 mg/L in R1 and 900–950 mg/L in R2 (Fig. S9h). The slightly lower ammonia levels in R2 likely resulted from Fe3BC25-assisted retention and conversion, which prevented accumulation and mitigated inhibitory effects on methanogens. The decline in the concentration of total VFAs (TVFAs) further highlighted the rapid transition from hydrolysis-acidogenesis to methanogenesis. Both reactors reduced TVFAs from initial levels (R1: 1565.65 ± 72.38 mg/L; R2: 1359.77 ± 0.66 mg/L) to zero, demonstrating effective VFA consumption (Fig. S9i). Although Fe3BC25 had limited direct impact on VFAs conversion, its enhancement of protein and polysaccharide degradation and electron transfer indirectly improved methane production efficiency.
[bookmark: OLE_LINK4]The incorporation of Fe3BC25 significantly enhanced organic matter removal and methane production through its superior conductivity and adsorption properties. It improved membrane module retention, accelerated electron transfer among microbes, and increased substrate availability for further degradation. 

[image: ]
Fig. S9. Effect of Fe3BC25 additives on daily methane yield (a), cumulative methane yield (b), SCOD concentration (c), daily CO2 yield (d), cumulative CO2 yield (e), polysaccharide (f), protein (g), NH3-N (h), and total VFAs concentration (i) in the anaerobic membrane bioreactor (R1 – control; R2 – Fe3BC25).

Text S15 Effect of Fe₂O₃-BC Materials on Microbial Abundance and Diversity of AD and AnMBRs System
The effects of BC and Fe2O3-BC on microbial abundance and diversity were analyzed using Ace, Chao, Simpson, Shannon, and Coverage indices (Table S1). The Coverage index for each digester exceeded 99%, indicating near-complete detection of OTUs (Operational Taxonomic Units) in this study. The Fe3BC25 group exhibited lower bacterial richness and diversity compared to the control, while the Fe1BC25 group showed higher richness and diversity. Both the Fe5BC25 and BC groups had reduced richness but increased diversity relative to the control, highlighting the differential impact of BC and Fe2O3-BC ratios on bacterial communities. In contrast, the addition of BC and Fe2O3-BC consistently enhanced the diversity and richness of archaea, suggesting a minimal impact on bacterial populations but a significant improvement in archaeal community composition and structure. Greater biodiversity contributes to ecological stability, resilience to toxic substances, and enhanced performance of anaerobic digestion systems. 

[bookmark: OLE_LINK12]Table S1. Bacteria and archaea richness and diversity indices in all groups
	[bookmark: _Hlk164762156][bookmark: OLE_LINK6]Sample
	[bookmark: _Hlk164761407]Richness
	Diversity
	Coverage

	
	Ace
	Chao
	Shannon
	Simpson
	Coverage

	Control-bacteria
	892.1483
	870.3475
	4.148433
	0.048207
	0.995465

	BC- bacteria
	891.2786
	856.5064
	4.224847
	0.036793
	0.99555

	Fe1BC25- bacteria
	984.418
	949.4415
	4.312978
	0.04785
	0.995775

	Fe3BC25- bacteria
	860.7744
	849.2261
	4.032046
	0.060943
	0.995381

	[bookmark: OLE_LINK41]Fe5BC25- bacteria
	885.782
	855.1818
	4.314408
	0.035957
	0.996057

	Control-archaea
	126.6951
	124.0769
	124.0769
	0.237252
	0.999779

	BC- archaea
	145.4311
	141.6667
	141.6667
	0.278108
	0.999706

	Fe1BC25- archaea
	149.6007
	146.6667
	146.6667
	0.330939
	0.999632

	Fe3BC25- archaea
	143.8529
	140.1765
	140.1765
	0.36052
	0.999724

	Fe5BC25- archaea
	144.547
	141.0556
	141.0556
	0.321297
	0.999742



After the reaction, microbial analysis was conducted on the sludge samples attached to the membrane surfaces of both AnMBR reactors, focusing on microbial community diversity. The Coverage indices for both reactors were above 99%, indicating near-complete detection of OTUs. As shown in Table S2, the Ace and Chao indices of bacteria and archaea in R2 were lower than those for R1, suggesting that Fe3BC25 composite reduced microbial diversity in R2. Specifically, bacterial diversity was lower in R2 compared to R1, while archaeal diversity was higher. This indicates that Fe3BC25 decreased diversity of bacteria and increased archaeal diversity during AD. Consequently, the Fe3BC25 not only enhanced the methane production process but also mitigated bacterial-related membrane fouling.

Table S2. Bacteria and archaea richness and diversity indices of sludge on the membranes of AnMBRs
	Sample
	Richness
	Diversity
	Coverage

	
	Acea
	Chaoa
	Shannonb
	Simpsonc
	Coverage

	R1-bacteria
	814.8515
	799.3665
	3.959609
	0.060384
	0.998647

	R2-bacteria
	757.1594
	743.5083
	3.793732
	0.073429
	0.998359

	R1-archaea
	58.00194
	57.14286
	1.917714
	0.238005
	0.999963

	R2-archaea
	53.85874
	53.2
	1.976694
	0.218615
	0.999963


aThe greater the Ace and Chao index, the higher the richness of the community；
bThe higher the Shannon value, the higher the community diversity；
cThe higher the Simpson index value, the lower the community diversity.
Text S16 Effect of Fe2O3-BC Materials on KEGG Pathway
The results in Fig. S10a & b illustrated the archaeal metabolic functions across five reactors based on COG classifications and KEGG pathway databases (Liu et al., 2021). The addition of Fe2O3-BC enhanced various metabolic processes within the AD system, particularly those related to translation, ribosomal structure and biogenesis, energy production and conversion, amino acid transport and metabolism, coenzyme transport and metabolism, inorganic ion transport and metabolism, replication, recombination and repair, nucleotide transport and metabolism, and carbohydrate transport and metabolism (Fig. S10a). The incorporation of the Fe2O3-BC catalyst boosted microbial activity, thereby enhancing these metabolic functions. Similarly, Fig. S10b shows that metabolism was the most enhanced, with Fe2O3-BC further elevating metabolic pathways, biosynthesis of secondary metabolites, microbial metabolism in diverse environments, methane metabolism, carbon fixation pathways in prokaryotes, and oxidative phosphorylation, all of which are closely linked to methanogenesis. Additionally, both BC and Fe2O3-BC strengthened metabolic pathways associated with biofilms and EPS, particularly quorum sensing (QS) (Li et al., 2023), indicating that Fe2O3-BC stimulated microbial aggregation, thereby enhancing overall metabolic levels.

[image: ]
Fig. S10. Distribution of differentially expressed genes in COG (a) and KEGG classifications (b) of archaea across all groups.


References
Chen, C., Sun, M., Liu, Z., Zhang, J., Xiao, K., Zhang, X., Song, G., Chang, J., Liu, G., Wang, H. and Huang, X., 2021. Robustness of granular activated carbon-synergized anaerobic membrane bioreactor for pilot-scale application over a wide seasonal temperature change. Water Res. 189, 116552.
Cheng, H., Li, Y., Kato, H. and Li, Y.-Y., 2020. Enhancement of sustainable flux by optimizing filtration mode of a high-solid anaerobic membrane bioreactor during long-term continuous treatment of food waste. Water Res. 168, 
Huang, S., Zhang, H., Albert Ng, T. C., Xu, B., Shi, X. and Ng, H. Y., 2020. Analysis of N-Acy-L-homoserine lactones (AHLs) in wastewater treatment systems using SPE-LLE with LC-MS/MS. Water Res. 177, 115756.
Jiang, Z., Yu, Q., Sun, C., Wang, Z., Jin, Z., Zhu, Y., Zhao, Z. and Zhang, Y., 2022. Additional electric field alleviates acidity suppression in anaerobic digestion of kitchen wastes via enriching electro-active methanogens in cathodic biofilms. Water Res. 212, 
Li, Y., Wang, S., Ding, H., Xiao, K. and Huang, X., 2023. Quorum sensing-Fe metabolism interplay affects biofouling on reverse osmosis membrane: Evidences from microbial shift and structure alteration. Desalination. 551, 
Liu, C., Huang, H., Duan, X. and Chen, Y., 2021. Integrated Metagenomic and Metaproteomic Analyses Unravel Ammonia Toxicity to Active Methanogens and Syntrophs, Enzyme Synthesis, and Key Enzymes in Anaerobic Digestion. Environ. Sci. Technol. 55, 14817-14827.
Liu, H., Xu, Y., Li, L., Yuan, S., Geng, H., Tang, Y. and Dai, X., 2022. A novel green composite conductive material enhancing anaerobic digestion of waste activated sludge via improving electron transfer and metabolic activity. Water Res. 220, 118687.
Liu, H., Xu, Y., Li, X., Wang, H., Liu, R. and Dai, X., 2024. Extracellular-proton-transfer driving high energy-conserving methanogenesis in anaerobic digestion. Water Res. 262, 
Liu, X., Yang, Y., Takizawa, S., Graham, N. J. D., Chen, C., Pu, J. and Ng, H. Y., 2024. New insights into the concentration-dependent regulation of membrane biofouling formation via continuous nanoplastics stimulation. Water Res. 253, 
Liu, Y., Zhang, J., Cao, X., Sakamaki, T. and Li, X., 2023. Performance and mechanism of microbial fuel cell coupled with anaerobic membrane bioreactor system for fouling control. Bioresour. Technol. 374, 128760.
Sun, Y., Wang, M., Liang, L., Sun, C., Wang, X., Wang, Z. and Zhang, Y., 2022. Continuously feeding fenton sludge into anaerobic digesters: Iron species change and operating stability. Water Res. 226, 119283.
Wei, W., Huang, Q.-S., Sun, J., Dai, X. and Ni, B.-J., 2019. Revealing the Mechanisms of Polyethylene Microplastics Affecting Anaerobic Digestion of Waste Activated Sludge. Environ. Sci. Technol. 53, 9604-9613.
Zhang, S., Yang, K., Liu, W., Xu, Y., Hei, S., Zhang, J., Chen, C., Zhu, X., Liang, P., Zhang, X. and Huang, X., 2021. Understanding the mechanism of membrane fouling suppression in electro-anaerobic membrane bioreactor. Chem. Eng. J. 418, 
Zhao, Z., Li, Y., Quan, X. and Zhang, Y., 2017. Towards engineering application: Potential mechanism for enhancing anaerobic digestion of complex organic waste with different types of conductive materials. Water Res. 115, 266-277.
Zhen, G., Pan, Y., Han, Y., Gao, Y., Ibrahim Gadow, S., Zhu, X., Yang, L. and Lu, X., 2023. Enhanced co-digestion of sewage sludge and food waste using novel electrochemical anaerobic membrane bioreactor (EC-AnMBR). Bioresour. Technol. 128939.

2

oleObject1.bin

image3.png
o

=]

=]
L

800 4

Cumulative CH, yield (mL/g COD)

Control

Fe® NPs
Fe,O, NPs
Fe,0; NPs

600 4
400 4
200 4
0 T T T T T T
0 5 10 15 20 25 30 35
Time (d)
d 4000
g
3000
£
g
S 2000
o
a
8 1000+ Control
0
2] —a—Fe” NPs
—o—Fe;0, NPs
04 —o—Fe,0; NPs
5 0 15 20 25 30

Time (d)

lon
o] ®
=] o

Daily CH, yield (mL/g COD/d)

Control
—e—Fe® NPs
—+—Fe;0, NPs
——Fe,0, NPs

o 4
o
1 o
N
o

(¢
L

Polysaccharide Conc. (mg/L)
S
o
o

300 4

200 4

100

Control
—+—Fe’ NPs
—+—Fe,0, NPs
—+—Fe,0, NPs

2 5 8 1

Time (d)

14 17 20 23 28 31

—~ 200
C 3
(e}
O
2
= 150 4
E
i)
2
> 100
~
o L
O
g Control
£ 501 —+—Fe’NPs
= —+—Fe,0, NPs
g ——Fe,0, NPs
© o — . : . . v
0 5 10 15 20 25 30 35
Time (d)
500
f [ Control
W Fe® NPs

1 14
Time (d)

17 20

[ Fe;0, NPs
[ Fe,0, NPs

23 28 3




image4.png
38.696 Wt.%

. 2.309wt.%




image5.emf
0.01 0.1 1 10 100 1000 10000

0

2

4

6

8

10

Volume fraction (%)

Particle size (μm)

 BC

 Fe

1

BC

25

 Fe

3

BC

25

 Fe

5

BC

25


oleObject2.bin

image6.png
a 4s00 b 4000

Hydrolysis [ Joday [ 1 5day Hydrolysis Il 5 day-BSA [ 5 day-dextran
4000+ 180 3500 yaroly I 7 0day-BSA [ 1 0 day-dextran
3500+ o5 D300
] Q) S
33000 &
g = Eos00]
~ 2500 z 5
2 {40 & = 20001
§ 2000 g £
a o §15004
8 1500+ lpo ¢
o} © S 10004
1000 o
500 0 500
0 0
A 1 oL A 1 oL
o \ 9 CP OP  oOP o ) ‘6 CP P P
o ge® ?e'\% (,636 (,%6 @ @f ?e& (’e? (’e‘?
C d 4500 I 5 day-L-glutamate
4000 A i i 0da 5 da i i -
Acidogenesis 0 day S day | 4000 Acidogenesis B 5 day-glucose
3500 . I 1 0 day-L-glutamate
. d 3500 4 I 1 0 day-glucose
- J < =2}
E’3000 60 é §3000-
= E ©
S 20 3 625004
c 40 g =
§ 2000 s £ 2000
c
Q 1500 - S 81500
8 20 8 § 1500
1000 O 1000
500 4 0 5004
04
A 1 O A 1 L
) \3 6 CP OP  oOP % N < CP P P
o ge® ?e'\% (,e'? (,666 @ @ef ?e& (’e"? (’e‘?
e 4500 f +° - . ’
: — —_ Methanogenesis Bl Cumulative CH, production
4000 Methanogenesis 180 _El 4.0 9 [ Cumulative CO, production
3500 [ 0 day [N 5 day =
= 160
3000 - g
g
40 2
[
[a)
20 3
0

-

e
ot @ ?e&o@ ?6?0@?6‘?0@ o

e
o @ ?e&ofa ?e?oﬁ?e‘?oﬁ




image7.png
a To0] T RIEFTS v RIERVS g Ry o R2{80
o) —e— R2-Eff. TS—e— R2-Eff. VS .
. 60§ {60 R
£ 50 8%s0000000000n52Cunsys Y
o 140 ®
40 g
? %)
= 30 420 £
T B
[ 4
§ 0k teseresti Ry | 8
0 10 A
—
0 T T T T -20
10 20 30 40 50
Time (d)
b so0 C s
—=—R1 inreactor —=—R1 in reactor
775 —e—R1in permeate ——R1 in permeate
: —+—R2 in reactor ~4 —a—R2 in reactor
—v— R2 in permeate g —v—R2 in permeate
7.50 4 %)
£ 31
IQ_7.25- g
S 29
7.00 4 T
Q
O 4]
6.75 -
6.50 T T T T T T T T T 0 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Time (d) Time (d)




image8.emf
0 5 10 15 20 25 30 35 40 45 50

-1

0

1

2

3

4

5

6

7

8

 TMP on-R1

 TMP on-R2

 TMP off

TMP (kPa)

Time (d)

-4

0

4

8

12

16

20

 R1

 R2

Flux (LMH)


oleObject3.bin

image9.png
Protein Conc.

Methane production (mL/g VS d)

CO, production (mL/g VS d)
©

N
o

o o
o N

S~ O

o N

N
o

N
N

®

I

0 10 20 30 40 50
Time (d)
—=—R1in reactor ——R1 in permeate
—#—R2in reactor —>— R2 in permeate
0 5 10 15 20 25 30 35 40 45 50

Time (d)

h

600

500

400

300

200

100

Cumulative methane yield (mL/g VS)
o

(
N
o
o

CO, production
3
o

o
o

1200
1150

1100

>

£ 1050

1000

950

NH3-N Conc

900

850
800

o

1HRT |

20
Time (d)

10 30 50

—#—R1 in reactor ——R1 in permeate
—e—R2 in reactor —>— R2 in permeate

0

5 10 15 20 25 30 35

Time (d)

40 45 50

SCOD retention rate(%) (%)

3500 120
—#—R1in reactor —— R1in permeate = R1
—8— R2 in reactor —— R2 in permeate ® R2 4100
3000
480
2125004 ° ° P
3 ®
g g a nlg
; 2000 4 [ ] [ ]
g
[}
© 15004
(=]
8
& 10004
-20
5004 40
0 T T T T T T T T T -60
0 5 10 15 20 25 30 35 40 45 50
Time (d)
160
—=—R1in reactor ——R1 in permeate
- 140 —e—R2 in reactor —o— R2 in permeate
>
£ 120

N
® o
S o

Polysaccharide Conc. (
(2]
o

40
204
0 T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Time (d)
1600 - —=—R1in reactor
——R1in permeate
- 14004 —8—R2in reactor
3 1200 —>=—R2in permeate
Q
1600
S 1000
£ 1200
- 8004 o
< 800
L 600
S 4004 o
5 200
i
200 °3 7 7 H
Time (d)
0
0 10 20 30 40 50

Time (d)




image10.png
a Function unknown
Secondary metabolites biosynthesis, transport and catabolism
Inorganic ion transport and metabolism

Lipid transport and metabolism

Coenzyme transport and metabolism

Nucleotide transport and metabolism

Amino acid transport and metabolism

Carbohydrate transport and metabolism

Energy production and conversion

Posttranslational modification, protein turnover, chaperones
Intracellular trafficking, secretion, and vesicular transport
Cell motility

Cell wall/membrane/envelope biogenesis

Signal transduction mechanisms

Defense mechanisms

Cell cycle control, cell division, chromosome partitioning
Chromatin structure and dynamics

Replication, recombination and repair

Transcription

RNA processing and modification

Translation, ribosomal structure and biogenesis

o o3 (o3 (o3
Qd\“ & <e® ¥ of

1.600

1.040

0.4800

-0.08000

-0.6400

-1.200

-1.760

Cellular community  Biofilm formation - Escherichia coli
-prokaryotes Biofilm formation - Pseudomonas aeruginosa
Biofilm formation - Vibrio cholerae

Quorum sensing

[ Fe,BC,; [l Fe,BC,;

Nucleotide metabolism Pyrimidine metabolism
Purine metabolism

Alanine, aspartate and glutamate metabolism

Amino acid metaboli§iysteine and methionine metabolism
Phenylalanine, tyrosine and tryptophan biosynthesis

Biofim formation - Escherichia cof.

Citrate cycle (TCA cycle)
Carbohydrate metabolism Pyruvate metabolism
Glycolysis / Gluconeogenesis Biofim formation - Pseudomonas aertginosa

Oxidative phosphorylation
Energy metabolisnTarbon fixation pathways in prokaryotes
Methane metabolism

Biofim formation - Vibrio cholerae-

Quorum sensing.

Microbial metabolism in diverse environments

_ Biosynthesis of secondary metabolites
Global and overview Metabolic pathways

0E+0 s 255 E+s =S 5E+5

[ |Fe,BC,; [ BC [l Control

0.0E+0 2.0E+6 4.0E+6 6.0E+6 8.0E+6 1.0E+7 1.2E+7




image1.png
S8

& Sample
collection

Effluent

Membranl_

1l

11
:

Water bath

o Bacteria = Archaea

® Fe,BC,;scomposite




image2.emf
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0

100

200

300

400

500

600

700

Cumulative methane yield (mL) 

Time (d)

 Control

 5 g/L biochar

 10 g/L biochar

 15 g/L biochar



1


 


 


Supp


orting


 


Information


 


1


 


Enhanced Methane Production and Biofouling Mitigation by 


F


e


2


O


3


 


2


 


nanoparticle


-


biochar composites in Anaerobic Membrane 


3


 


Bioreactors


 


4


 


Qianqian Zhang


a


, Yu Yang


a,


*


,


 


Chung


-


Hak LEE


b


, Nigel J.D. Graham


c


,


 


How Yong Ng


d,e


 


5


 


 


6


 


a


State Key Laboratory of Water Environment Simulation, School of Environment, 


7


 


Beijing Normal University, Beijing 100875, China


 


8


 


b


School of Chemical and Biological Engineering, Seoul National University, Seoul 


9


 


08826, Republic of Korea


 


10


 


c


Department


 


of Civil and Environmental Engineering, Imperial College London, 


11


 


South Kensington Campus, London SW7 2AZ, UK


 


12


 


d


Center for Water Research, Advanced Institute of Natural Sciences, Beijing Normal 


13


 


University, Zhuhai 519087, China 


 


14


 


e


Environmental Research Insti


tute, National University of Singapore, 5A Engineering 


15


 


Drive 1, Singapore 117411, Singapore


 


16


 


 


17


 


 


18


 


*


Corresponding author: Yu Yang, Email address: 


yangyu@bnu.edu.cn


 


19


 


 


20


 


 


21


 


 


22


 


Text S


1


. 


Chemicals


 


and 


M


aterials


 


23


 


Phenol, anhydrous ethanol, ammonium chloride, glucose, potassium sodium 


24


 




1     Supp orting   Information  

1

  Enhanced Methane Production and Biofouling Mitigation by  F e 2 O 3  

2

  nanoparticle - biochar composites in Anaerobic Membrane 

3

  Bioreactors  

4

  Qianqian Zhang a , Yu Yang a, * ,   Chung - Hak LEE b , Nigel J.D. Graham c ,   How Yong Ng d,e  

5

   

6

  a State Key Laboratory of Water Environment Simulation, School of Environment, 

7

  Beijing Normal University, Beijing 100875, China  

8

  b School of Chemical and Biological Engineering, Seoul National University, Seoul 

9

  08826, Republic of Korea  

10

  c Department   of Civil and Environmental Engineering, Imperial College London, 

11

  South Kensington Campus, London SW7 2AZ, UK  

12

  d Center for Water Research, Advanced Institute of Natural Sciences, Beijing Normal 

13

  University, Zhuhai 519087, China   

14

  e Environmental Research Insti tute, National University of Singapore, 5A Engineering 

15

  Drive 1, Singapore 117411, Singapore  

16

   

17

   

18

  * Corresponding author: Yu Yang, Email address:  yangyu@bnu.edu.cn  

19

   

20

   

21

   

22

  Text S 1 .  Chemicals   and  M aterials  

23

  Phenol, anhydrous ethanol, ammonium chloride, glucose, potassium sodium 

24

 

